Vapor-phase transformations of furfural over SBA-15 silica supported Ni catalysts under H 2 in a continuous-flow reactor at atmospheric pressure and 170˚C and 230˚C were investigated. Two different samples having Ni loadings of 5 and 20 wt% (denoted here by SBA-5Ni and SBA-20Ni, respectively) were prepared by impregnation and characterized by atomic absorption spectroscopy, N 2 sorption analysis, X-ray diffraction, X-ray photoelectron spectroscopy, and transmission electron microscopy. Furan and furfuryl alcohol were two primary products resulting, respectively, from decarbonylation and hydrogenation of furfural. Under the conditions of the study, both reactions exhibited structure sensitivity evidenced by changes in product selectivities with variable Ni loadings. Compared with SBA-20Ni, the 5 wt% Ni catalyst showed better catalytic activity, reaching a furfural conversion of 100 mol% and a selectivity to furan of 98 mol%, after 5 h of timeon-stream at 230˚C.
Introduction
Lignocellulosic biomass has attracted significant attention worldwide as a feedstock for renewable liquid fuels and chemical production due to its low cost and availability. The acid-catalyzed dehydration of pentoses and hexoses derived from renewable biomass resources can produce furan derivatives, such as furfural (FA) and 5-hydroxymethylfurfura. Furfural is a major product and a rich source of derivatives that are potential biofuel components [1] - [3] . These include furan, furfuryl alcohol, 2-methylfuran, and tetrahydrofurfuryl alcohol, which can be obtained by furfural decarbonylation or hydrogenation reactions, either in liquid or gas phase. The main products of furfural arise from the hydrogenation of the C=O bond and/or the furan ring. Depending on the application of metal catalysts for the hydrogenation of furfural or its primary products, decarbonylation [4] and hydrogenolysis of the etheric C-O single bond can also proceed [5] . Due to the wide variety of hydrogenation products of furfural, it is still attractive to design catalysts that are highly selective to the desired products. Different transition metals show different catalytic activity with respect to transformations of the highly reactive carbonyl group of furfural. For instance, Cu is highly selective for hydrogenation of furfural to furfuryl alcohol [6] - [10] ; Pd is an efficient catalyst for decarbonylation of furfural to furan [7] [11]- [14] ; and Ni and Pt, depending on conditions, can promote both reactions to different extents [7] [15] [16] . At lower temperatures, the hydrogenation activity becomes significant, which leads to the formation of furfuryl alcohol, while at high temperatures (230˚C) the decarbonylation reaction dominates to produce furan. These primary products are further converted in secondary reactions. Furan yields C 4 products (butanal, butanol, and butane) via ring opening, while furfuryl alcohol produces 2-methylfuran via C-O hydrogenolysis [15] .
Furan and related compounds are useful starting materials for the industrial production of chemicals used as pharmaceuticals, herbicides, stabilizers, and polymers. For example, furan is used to make tetrahydrofuran, polytetramethylene glycol, polyether ester elastomers, and polyurethane elastomers.
Therefore, one of the goals of this study was to find a catalyst that was able to produce furan while suppressing the formation of alcohol furfuryl. In the present work, we have investigated the conversion of furfural over Ni catalysts. The effect of loading Ni on the catalytic properties of silica-supported Ni is investigated. Samples with different Ni loading were prepared and characterized by XRD, TEM, TPR, XPS, and the BET method to evaluate the structural changes and the extent of alloy formation.
Experimental

Catalysts Synthesis and Characterization
The synthesis of SBA-15 silica was carried out as reported by Zhao et al. [17] . The SBA-Ni catalysts were prepared by impregnation with aqueous solutions of Ni(NO 3 ) 2 •6H 2 O (Aldrich, >99% purity). After impregnation, the catalysts were dried for 12 h at room temperature, and, after that, calcined for 6 h, at 400˚C, with a heating rate of 1˚C/min. The metal loadings were 5 and 20 wt% of Ni. The catalysts were labeled as SBA-xNi, where x is the wt% of Ni.
Nickel content was determined by atomic adsorption spectroscopy (AAS) using a Varian SpectrAA 50 spectrometer. Elemental analysis was performed on a PERKIN-ELMER 2400 CHN with a LECO VTF900 pyrolysis oven. N 2 adsorption-desorption isotherms of the calcined catalysts at 77 K were obtained using a Micromeritics ASAP 2020 gas adsorption analyzer. Prior to N 2 adsorption, the samples were evacuated overnight at 200˚C and 1 × 10 −2 Pa. Pore size distributions were calculated by the BJH method [18] . Powder X-ray diffraction (XRD) patterns were obtained by using a Siemens D5000 automated diffractometer in the Bragg-Brentano geometry with Cu Kα radiation and a graphite monochromator.
The reducibility of the calcined samples was determined by H 2 temperature-programmed reduction (H 2 -TPR). For these measurements, 80 mg of sample was placed in a quartz reactor and heated up to 100˚C, under a He flow of 35 ml/min, and held at this temperature for 1 h. The reactor was then cooled down to 50˚C and the sample exposed to a H 2 /Ar stream of 47 ml/min. Subsequently, the sample was heated up to 700˚C at a heating rate of 10˚C/min. The amount of hydrogen consumed as a function of temperature was monitored on-line by a TCD detector. The water formed during reduction was collected with a cryogenic trap at −85˚C before chromatographic analysis. X-ray photoelectron spectroscopy studies were performed with a Physical Electronics PHI 5700 spectrometer equipped with a hemispherical electron analyzer (model 80-365B) and a Mg Kα (1253.6 eV) X-ray source. High-resolution spectra were recorded at a 45˚ take-off-angle by a concentric hemispherical analyzer operating in the constant pass energy mode at 29.35 eV, using a 720 μm diameter analysis area. Charge referencing was done against adventitious carbon (C 1s at 284.8 eV). The pressure in the analysis chamber was kept lower than 5 × 10 −6 Pa. The PHI ACCESS ESCA-V6.0 F software package was used for data acquisition and analysis. A Shirley-type background was subtracted from the signals. Recorded spectra were always fitted using Gauss-Lorentz curves in order to determine more accurately the binding energy of the different element core levels. The samples underwent the same aforementioned ex situ treatment before XPS analysis.
The morphology of the catalysts was evaluated by transmission electron microscopy (TEM). Before TEM analysis, the samples were reduced ex situ under pure H 2 (60 ml/min) at 450˚C for 2 h, and stored in cyclohexane (Sigma-Aldrich, 99% purity).
Catalytic Activity Testing
The vapor-phase reaction of furfural was conducted in a 1/4" tubular quartz reactor. The pelletized catalyst (325 -400 μm) was placed at the center of the reactor tube between two layers of glass beads and quartz wool. The catalysts were reduced in situ, under a H 2 flow (60 ml/min, Airgas, 99.99%) for 2 hours at 450 ºC, prior to the catalytic test. After reduction, the catalysts were cooled down to the selected reaction temperature under a H 2 flow (10 ml/min). When the temperature was reached, a flow 2.3 mmol/h of a furfural (Sigma-Aldrich, 99.5%) solution in cyclopentyl methyl ether (Sigma-Aldrich) (5 vol%) was continuously injected using a HPLC pump and vaporized into a gas stream of 60 mL/min H 2 . Cyclopentyl methyl ether is an environmentally friendly solvent that has been used in different organic reactions, thus is a green co-solvent for the selective dehydration of lignocellulosic pentose to furfural. The reaction products were analyzed by gas chromatography (Agilent model 14A) with a flame ionization detector. The product yield and selectivity were defined and calculated as follows: 
Results and Discussion
Characterization of the Nickel Catalysts
The Ni content of the synthesized SBA-xNi catalysts, as determined by AAS, was 5.3 and 20.13 wt%. These values and those of other physical properties of the support and the catalysts are displayed in Table 1 . The N 2 adsorption-desorption isotherms for SBA-15 and for the calcined SBA-xNi samples are shown in Figure 1 . All of them are type-IV isotherms, according to the IUPAC classification, with an H1 hysteresis loop. It can be seen that the shape of the isotherm of pure SBA-15 was preserved even for the catalyst with the highest nickel content, which means that, after impregnation and subsequent calcination of the nickel catalyst precursors, the mesoporous nature of the solid support was maintained. The evaluation of the textural properties of the calcined samples by the analysis of the nitrogen adsorption-desorption isotherms at 77 K reveals that the BET surface area decreases progressively with the loading of nickel, with a drastic reduction for the material with the highest Ni content (SBA-20Ni) ( Table 1) . However, the average pore diameter barely changed in comparison with that of the mesoporous silica used as support, thus pointing out to the presence of nickel oxide particles blocking partially the entrance to the mesoporous framework. The crystal structures of the fresh and the used catalysts reduced under H 2 at 450˚C for 1 h were determined using small-angleXRD (SAXS); the results are shown in Figure 2 . SAXS patterns of the catalyst supported on SBA-15 shows a strong (1 0 0) reflection (2θ = 0.90˚). Three well-resolved peaks in the 2θ = 0.90˚ region and two small peaks around 2˚ -3˚ are observed. These, which are assigned as the (1 0 0), (1 1 0), and (2 0 0) reflections of a 2D hexagonal structure of SBA-15, P6mm, phase, confirming that the mesoporous structure is preserved after nickel incorporation and after the catalytic reaction, the catalysts show the presence of the same peaks.
In the wide-angle XRD patterns of the catalysts reduced under H 2 at 450˚C for 1 h (Figure 3) there was a wide peak between 2θ = 20˚ and 30˚ attributed to the peak of siliceous material. In agreement with previous observations [15] [19] , the Ni(111) and Ni(200) peaks of monometallic nickel (Ni 0 ) were observed at 2θ = 44.41˚ and 51.76˚, respectively. However, the XRD patterns of the two samples, when examined at small angle, showed the characteristic peaks of NiO at 2θ = 37˚, 43.1˚, and 62.7˚, corresponding to the planes (111), (200), and (220) of cubic NiO species [20] , respectively. The reduced SBA-5Ni and SBA-20Ni catalysts did show peaks for NiO, indicating that this samples were not completely reduced. The intensity of these reflections increases with increasing amount of nickel deposited. After the catalytic reaction, the catalysts show the presence of the same peaks (Figure 3(b) ).
The reduction behavior of NiO and the interactions between NiO particles and the supports were investigated using H 2 -TPR; the results are shown in Figure 4 . The SBA-5Ni catalyst showed a reduction peak at low temperature between 281˚C and 289˚C, but the reduction peaks at high temperature were found over a very wide range of temperature. The reduction peaks in the low temperature region can be attributed to the reduction of NiO species that have weak interaction with the support, while the reduction peaks in the high temperature region can be attributed to the reduction of fixed NiO species which have a stronger interaction with the support. As it is observed from Figure 4 , at high temperatures there were big differences among the reduction peaks. Thus, SBA-20Ni shows three peaks: the first results from an endothermic phase transition occurring simultaneously with a partial reduction of NiO; the second, which is the main peak, is attributed to the reduction of NiO to Ni metal [7] [15] [21] ; the third could be due to the reduction of small nickel oxide crystallites strongly attached to the support, even forming Ni silicate species (nickel hydroxysilicates, antigorite, or montmorillonite) [22] [23] .
The characteristic binding energy (BE) values of Ni 2p 3/2 , Si 2p, O 1s, and C 1s for both catalysts, fresh and used, are presented in Table 2 . The Si 2p BE values in all the SBA-xNi catalysts are very similar, and the average value of 103.5 eV is typical of silica. The O 1s signal is symmetrical and appears at 533 eV in the catalysts; these BE values for O 1s are characteristic of silica and metal oxide, respectively. The Ni 2p 3 The morphology and size of the Ni 0 particles in the fresh catalysts was studied using TEM; the results are shown in Figure 5 . In the TEM images of all the catalysts, the ordered mesoporous structure of SBA-15 can be observed, which is consistent with the results small angle XRD patterns (Figure 2) . In addition, Ni 0 particles with diameters of about 7 nm and narrow distributions could be observed. Few clear changes in the pore structure of the catalysts and in the size and distribution of the nickel particles can be observed when comparing the TEM image of a fresh catalyst and the corresponding image of the used catalyst. Furthermore, we can conclude that the transformation of nickel phyllosilicate or nickel hydroxide or the mixtures of them to metallic oxides and metallic nickel arose due to the calcination and the reduction processes, according to the results of XRD patterns (Figure 3 ) and TEM images (Figure 5 ).
Catalytic Activity Studies
The two catalysts have been tested in the vapor-phase hydrogenation of furfural at atmospheric pressure. The results of the catalytic activity as a function of time on stream (TOS) at 170˚C reveal a regular deactivation (Figure 6) , which is pronounced in the case of SBA-20Ni. The deactivation process could be explained by the active nickel site coverage by coke or adsorbed reactants/products, as revealed the high carbon percentages found in the spent catalysts by CHN analysis (Table 3) , rather than the nickel particle sintering. The carbon deposition is the lowest for the SBA-5Nimaterial, which is that with the highest conversion. In a recent study, the vapor-phase conversion of furfural over SiO 2 supported Ni catalysts in the presence of H 2 (1 bar) demonstrated a significant deviation in activity [15] .
The product distribution obtained by conversion of furfural over the SBA-xNi catalysts at 170˚C is shown in Figure 7 . The most abundant products for conversion at this temperature are furfuryl alcohol (FOL selectivity = 34.6% at 5 h ), a secondary product resulting from the C-O hydrogenolysis of FOL. These results agree with those of Sitthisa et al. [15] about monometallic Ni catalyst favoring the formation of furfuryl alcohol and furan as primary products via hydrogention and decarbonylation.
Furfuryl alcohol and furan are primary products typically obtained by convertion over Ni-based catalysts [7] [26], and they can further convert to 2-methylfuran and open-ring C4 products, respectively. Our results show that over monometallic Ni catalyst, decarbonylation is favored over hydrogenation. Spectroscopic results and DFT calculations show that, on group VIII metals, aldehydes tend to adsorb with the carbonyl group parallel to the surface (η decompose into a more stable acyl species, in which the C atom of the carbonyl remains strongly attached to the surface. This acyl species may in fact be a precursor for the decarbonylation reaction, yielding furan and CO [7] . In addition to the differences in interaction with the carbonyl group itself, different metals have a different extent of interaction with the furanyl ring. For example, while Cu exerts a repulsion on the ring [7] , Group VIII metals tend to interact strongly with aromatic and furanyl rings, as well as with C=C double bonds. In particular, on a surface of Ni the furanyl ring/metal interaction is so strong that the C-O bond in the ring weakens and this leads to a significant extent of ring opening, a reaction that is also favored as temperature increases.
The selectivity to 2-methylfuran is an interesting case. Since, as shown above, the C1-O1 hydrogenolysis occurs mainly after furfural has been hydrogenated to furfuryl alcohol and this product is not favored on pure Ni, particularly at the high temperatures required for C-O hydrogenolysis, very small amounts of 2-methylfuran are produced on monometallic Ni [15] .
On the other hand, to study the influence of the reaction temperature, results for the conversion of furfural over SBA-5Ni at 230˚C and the product distribution are shown in Figure 8 . It may be seen that for this higher temperature there is a clear increase in conversion, while the production of furan increases in detriment of the production of furfuryl alcohol. Sitthisa et al. [7] have reported the same behavior for Ni/SiO 2 . At high temperature, η 2 (C,O)-furfural tends to decompose into a more stable acyl species, in which the C atom of the carbonyl remains strongly attached to the surface. This acyl species may in fact be a precursor for the decarbonylation reaction, yielding furan and CO. Therefore, the highest temperature, 230˚C, was chosen to optimize other reaction parameters.
Conclusion
Vapor phase furfural hydrogenation studies were performed on a series of silica supported monodisperse Ni catalysts. It was found that product selectivity was highly dependent on the loading of the catalysts. SBA-5Ni was found to give predominantly furan as a product at 230˚C, via decarbonylation due to the favorable formation of acyl species, which could readily decompose into furan and CO, while SBA-20Ni yielded both furan and furfuryl alcohol, a result of furfural decarbonylation and hydrogenation reactions, respectively.
